A monoclonal antibody, 8D9, has been obtained that binds to axons in the chick nervous system. Biochemical and immunological experiments indicate that the 8D9 antigen is related to the mouse Ll cell-adhesion molecule. The results of immunohistochemical experiments using monoclonal antibody 8D9 to study the development of the chick visual system are consistent with the 8D9 antigen functioning in axon fasciculation.
A monoclonal antibody, 8D9, has been obtained that binds to axons in the chick nervous system. Biochemical and immunological experiments indicate that the 8D9 antigen is related to the mouse Ll cell-adhesion molecule. The results of immunohistochemical experiments using monoclonal antibody 8D9 to study the development of the chick visual system are consistent with the 8D9 antigen functioning in axon fasciculation.
The development of the retinotectal projection has been a widely studied model system used in attempts to understand how axons find correct targets and how patterns of neuronal connections are established. Growing retinal axons select a very characteristic pathway in the retina and brain, enter only certain nuclei along the pathway, and synapse in specific locations within those nuclei. These selective events probably involve interactions between growing axons and their environment. Such interactions may be mediated by various cell-adhesion molecules. A number of different cell-adhesion molecules have been found in the chick visual system. These include Cognin (McClay and Moscona, 1974) , neural cell adhesion molecule (N-CAM) (Thiery et al., 1977) , N-Cadherin (Hatta et al., 1985) , neuron-glial cell adhesion molecule (Ng-CAM) , Ll (Rathjen and Schachner, 1984) , and a heparan sulfate binding protein (Cole et al., 1985) . There is also reason to suspect that other cell-adhesion molecules may be found in the chick visual system, as shown by preliminary work from other laboratories (Halfter et al., 1981; McClay, 1984) . Since these different molecules were identified using in vitro cell-adhesion assays, it is important to study the developmental appearance of the molecules along the optic pathway, as well as in other parts of the nervous system, in order to identify possible functions of these molecules.
We have obtained a monoclonal antibody, 8D9, that binds to a cell-surface molecule, the 8D9 antigen, on chick retinal ganglion cells. Immunochemical studies indicate that the 8D9 antigen is related to the Ll cell-adhesion molecule. We have used this monoclonal antibody in combination with immunohistochemical techniques to follow the appearance and distribution of this antigen in the developing visual pathway. It was found that the 8D9 antigen was localized to axons of ganglion cells in a pattern consistent with its functioning in axon fasciculation. By virtue of its localization on optic axons, the 8D9
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Immunizations and Fusions
Optic nerves were dissected from 7 dozen embryonic day 14 (E 14) chick embryos and homogenized in 5 ml of Dulbecco's PBS. Mice were immunized with 0.1 ml of homogenate at 4 week intervals followed by a series of 3 i.v. injections on successive days and removal of the spleen on the 4th day. Hybridomas were prepared with NS-1 myelomas ising protocols described elsewhere (Kohler and Milstein. 1975: Lemmon et il., 1982 ). An immunohistochemical screening procedure was used to select for monoclonal antibodies that were specific for ganglion cells in the chick retina. After screening, positive wells were cloned and recloned by limiting dilution until over 90% of the clones were positive. Cell stocks were then frozen in liquid nitrogen.
Screening and immunohistochemistry
Retinas and optic tecta from El4 embryos were fixed with paraformaldehyde-lysine-periodate (PLP) (McLean and Nakane, 1974) , cryoprotected with sucrose, and sectioned at 10-l 5 hrn in a cryostat. Hybridoma supematants were incubated on the sections for 60 min at room temperature. The sections were then washed with PBS and incubated with a fluorescein-labeled goat anti-mouse-IgG (Cappel Labs) diluted 1:200 in PBS/lo% horse serum (HS). Sections were examined using a Leitz epifluorescence microscope:
Immunohistochemical analysis of the pattern of ingrowing ganglion cell axons was performed using monoclonal antibody 8D9. Cryostat sections of the developing visual pathway were examined with an epifluorescence microscope. The stage of the microscope was equipped with potentiometers connected to an XY plotter in such a way as to allow the mapping and reconstruction of structures within the tissue being examined (see McLoon, 1985 , for details of reconstruction).
Electron-microscopic immunohistochemistry
Eyes taken from embryos of various ages were fixed by immersion overnight at 4°C in PLP fixative. The eyes were then embedded in 2% agar and l-2 mm sections were cut. The sections were blocked for 1 hr with PBS/ 10% HS and then incubated with the orimarv antibodv overnight at 4°C on a rocker. Next, the sections were washed 4 times with PBS over a 1 hr period before being incubated with a biotin-labeled secondary antibody (Vectastain, Vector Labs) for 1 hr at room temperatum. The sections were again washed 4 times and then incubated with avidin-biotin-horseradish peroxidase (ARC) complex (Vectastain, Vector Labs). After a final series of washes, the sections were reacted with diaminobenzidine/cobalt chloride/nickel ammonium sulfate solution (Adams, 1981) . In a separate series of experiments, a colloidal gold-labeled goat anti-mouse-IgG (Janssen Pharmaceutics) was used at a dilution of 1:4 to localize monoclonal antibody 8D9 binding in the retina. The sections were then post&d with osmium, dehydrated, and embedded in Epon 8 12. Gold-colored sections were cut and examined using a Philips 300 EM.
Immunohistochemical controls
It is not possible to perform absorption controls using antigen in immunohistochemical studies with monoclonal antibodies to unknown antigens. Other types of controls are required to show the specificity of the antibodies. For both light-and electron-microscopic studies, 2 types of controls were always performed. The first was to process some sections of the tissue without primary antibody but with the secondary antibody. This allowed us to determine if the secondary antibodies bound nonspecifically to the tissue. We found no binding of secondary antibodies, either fluorescein ( Fig. l) , colloidal gold, or HRP labeled, in sections incubated only with secondary antibodies. The second type of control was to process adjacent sections with monoclonal antibodies with different specificities. We routinely use antibodies that bind to different glial antigens (Lemmon, 1985 (Lemmon, , 1986a , different photoreceptor antigens (Lemmon, 1986b) , and N-CAM (antibody lA6) (Lemmon et al., 1982; Rutishauser, 1984) . By comparing sections that were incubated under identical conditions but with different antibodies, we were able to evaluate whether a given monoclonal antibody showed selectivity for a certain type of cell. In some embryos, both eyes were electrolytically lesioned on E3 to destroy the developing eye buds, thereby preventing the axons of retinal ganglion cells from reaching the brain.
Antigen purification
The lA6 (anti-N-CAM) and 8D9 antibodies used to prepare affinity columns were purified from ascites fluid by ammonium sulfate precipitation and DEAE Al&Gel-Blue chromatography (Bruck et al., 1982) . The antibodies were linked to Bio-Rad Affi-Gel 10. El9 chick brains were homogenized in 0.32 M sucrose, TBS, 2mM EDTA, 1 @/ml leupeptin, 10 &mI aprotinin, 50 &ml soybean trypsin inhibitor, and 20 mM phenylmethyl-sulfonyl fluoride. The homogenate was layered on a sucrose gradient (Whittaker et al., 1964) and the plasma membrane fraction was collected. The membrane fraction was pelleted and then solubilizd in 1% Triton X-1 OO/TBS. After removing insoluble material by centrifugation at 20,000 x g av. for 30 min, the soluble material was run over a 0.5 ml affinity column. After washing the column to remove nonspecifically bound material, the antigen was eluted with 0.1 M diethylamine, pH 11.5, 1% Triton X-100. Antisera were produced by immunizing rabbits using the purified 8D9 and lA6 antigens in Freund's adjuvant. 
Western blot analysis of antigens and antibodies
Triton X-100 soluble membrane proteins prepared as above were boiled in sample buffer and run on a 5-l 5% gradient SDS-PAGE (Hames and Rickwood, 198 1) . After electrophoresis, the proteins were transferred to nitrocellulose paper (Towbin and Gordon, 1984) . The nitrocellulose paper was blocked with PBS/lo% HS and cut into strips. The strips were incubated overnight at 4°C with rabbit primary antibodies diluted 1: 1000 in PBS/lo% HS. The strips were then washed with PBS, 0.1% Tween 20. The Vectastain ABC system and 4-chloro-1 -naphthol were used to visualize the location of the primary antibody. As a control, some strips were incubated only with the Vectastain secondary antibodies and ABC solution to check for nonspecific binding of the secondary antibody. Dot-blot analysis (Towbin and Gordon, 1984) of the 8D9 antigen was conducted in a similar fashion using polyclonal antibodies against Ll (a kind gift from F. Ratbjen and U. Rutishauser, 1984) and N-CAM.
Cell culture studies
Retinal explants were prepared using E6 retinas grown on collagencoated dishes (Halfter et al., 198 1) . Live explants were incubated with antibody 8D9 for 30 min at 37"c, then washed with PBS and fixed with 2% paraformaldehyde, 0.0 1% glutaraldehyde, 0.1 M phosphate buffer. The explants were then incubated with a fluorescein-labeled rabbit antimouse-IgG (Cappel Labs) and washed before being examined with an epifluorescence microscope.
Results
In 2 different fusions using chick optic nerve as immunogen a total of 23 different hybridomas was obtained that appear to bind to the same antigen. One antibody, 8D9, was selected for detailed analysis. Upon examination of E 14 retina it was found that the optic fiber layer (OFL) was intensely stained by antibody 8D9 (Fig. 1) . There was some faint staining in the inner plexiform layer (IPL), and no apparent staining in other parts of the retina. At this time it is not known if the staining in the IPL is due to staining of ganglion cell dendrites or the processes of some other cell type such as amacrine cells. The 8D9 antigen was present inthe OFI uniformly throughout the retina with no apparent differences in different retinal quadrants. EM immunohistochemical studies using both HRP and colloidal gold indicated that the antigen was present on the axons of retinal ganglion cells, but not their somas, or on the end feet of Muller cells (Fig. 2) . This is in contrast to antibodies to N-CAM, which stained ganglion cell somas, and antibodies to Muller cells, which stained end feet in tissue prepared in parallel with the retina stained with 8D9 antibodies (data not shown). In addition, the colloidal gold studies indicated that the 8D9 antigen is on the external surface of the axons. It must be noted that in addition to staining axons of retinal ganglion cells, these antibodies ap- Figure 5 . Dot-blot analysis of lA6 and 8D9 antigens. One microliter of both 8D9 antigen (left-hand column) and lA6 antigen (right-hand column) was incubated with 1: 1000 dilutions of primary antibodies. RalA6 antiserum bound to the lA6 antigen but not the 8D9 antigen. The RaLl (rabbit anti-Ll) antiserum and Ra8D9 both bound to the 8D9 antigen but not the lA6 antigen. The no primary (No I") control showed no stain. A strip stained with amido black (AB) indicated the small amount of protein present on the strips.
pear to stain axons in many areas of the chick CNS and PNS. The 8D9 antibody was tested on retinas from a number of different species, including monkey, rat, quail, turtle, and frog and was found to bind only to chick retina.
Characterization of the antigen
A series of immunochemical studies was performed to characterize the cell-surface antigen involved. Attempts to identity the antigen using Western blots failed, indicating that the 8D9 antibody recognizes a determinant that is destroyed by SDS-PAGE. Therefore, an affinity column was prepared using 8D9 antibodies. As a control, a second column was made using an antibody lA6, which binds to N-CAM (Lemmon et al., 1982; Rutishauser, 1984) . Plasma membranes were prepared using sucrose gradients. The membranes were solubilized in Triton X-100 and insoluble material was removed by centrifugation. The supematant was run through the affinity columns. After washing the column, bound material was eluted with diethylamine, pH 11.5, and the eluted fractions were analyzed with SDS-PAGE. Figure 3 shows the material eluted from the 2 different columns. The eluate from the 8D9 column contained 4 prominent bands with molecular weights of approximately 190, 135, 83, and 66 kDa, as well as some other minor bands. It is possible that some of these minor bands are due to copurification of these molecules via binding to the 8D9 antigen. Further experiments will be required to determine whether these bands are due to breakdown of the 8D9 antigen or represent distinct molecules. The material eluted from the 8D9 antibody column was different from the N-CAM affinity column, which had a broadly migrating band ranging in molecular weights from about 200 to 140 kDa. An important technical observation from these experiments was that while N-CAM appeared relatively insensitive to endogenous proteases during membrane purification, the 8D9 antigen was extremely sensitive to proteolytic cleavage and required several different protease inhibitors (see Materials and Methods) to prevent total degradation. Antigen eluted from the 8D9 affinity column was used to produce a polyclonal antiserum in a rabbit, as was the material from the N-CAM affinity column. Both of these antisera gave the expected staining patterns when tested on retina (Fig. 1 ) at a dilution of 1: 1000. When the antisera were tested on Western blots of chick brain plasma membrane, the rabbit anti-8D9 antigen bound to prominent bands of about 190, 135, 83, and 50 kDa, while the rabbit anti-N-CAM bound to a smear from about 200 to 130 kDa (Fig. 4) .
In order to establish a relationship between the 8D9 antigen and the Ll molecule dot-blot assays were conducted. Purified 8D9 antigen and purified N-CAM were spotted on nitrocellulose paper, and the strips were tested with our rabbit antisera against 8D9 and N-CAM and a rabbit antiserum against mouse-L1 obtained from F. Rathjen and U. Rutishauser (1984) . The antiLl antiserum gave a positive reaction with the 8D9 antigen but not the N-CAM, indicating that the 8D9 antigen is immunologically related to mouse-L1 (Fig. 5) . 
In vitro experiments
In order to confirm that the 8D9 antigen was located on the cell surface, in vitro experiments were performed. E6 retinal explants were cultured on collagen, and neurites were allowed to grow out from the explants for 24 hr. Live cultures were stained with 8D9 monoclonal antibodies (see Materials and Methods). When the neurites were examined with phase fluorescence microscopy, it was found that the antibodies bound to the neurites all the way to their tips, indicating that the antigen is also located on growth cones in culture (Fig. 6) . Within the explants, stained axon bundles were observed, while cell bodies appeared to be devoid of staining.
Developmental studies
The appearance of axons that could be stained with monoclonal antibody 8D9 in the primary optic pathways was studied in embryos between E4 and E8. At all ages, retinal staining was concentrated in the OFL with some faint staining in the IPL. At E4, labeled axons were identified in the ventral margin of the optic stalk, in the chiasm, and just entering into the optic tract (Fig. 7) . By E6 the first staining of axons in the stratum opticum of the tectum was observed at its rostroventral margin (Fig. 8) . At this age, some axons penetrated below stratum opticum into layer i (see LaVail and Cowan, 197 1, for nomenclature of tectal layers during development). During E7 and E8 there was a continual advance of axons over the surface of the tectum. While most of the staining was in layer iii, the cell sparse zone subjacent to the stratum opticum, some staining was also present in the deeper cell-rich zone (layer ii). The staining in layer ii appears to develop slightly after the appearance of staining in the superficial layers.
Reconstructions of the pattern of 8D9-labeled axons invading the superficial tectum were made from serial sections of tecta from E6 and E8 embryos (Fig. 9) . These reconstructions show axons entering the rostroventral margin of the tectum on E6 and filling much of the rostra1 tectum by E8. It was also apparent that axons began penetrating tectal layers below the stratum opticum in the rostroventral pole ofthe tectum. This penetration started almost as soon as axons arrived in the tectum. For any given area of the tectum, axons penetrated below the tectal surface just behind the advancing front of axons on the surface.
Axon staining in embryos without eyes
Since the 8D9 antigen is present on axons from cells in other regions of the CNS, in addition to axons of retinal ganglion cells, it was necessary to determine whether the staining in the su- Figure 10 . Antibody 8D9 staining of E8 tectum. A, Normal tectum with intense staining in layer iv (stratum opticum) and significant staining present in layer iii. The neuroepithelium (ne) adjacent to the ventricle is negative. B, Tectum from an embryo with a bilateral enucleation has almost no staining in layers ii and iii, and layer iv is absent. Original magnification, x 250.
perficial tectal layers, as described above, was of retinal origin. Embryos that had both eyes destroyed prior to the appearance of retinal axons were processed as above. In these embryos the staining in the superficial tectal layers was completely absent (E8, normal and lesioned; Fig. 10 ). There was a considerable amount of staining in the cell-sparse zone adjacent to the ventricular neuroepithelium (layer i) in the tecta of these embryos, comparable to that seen in normal embryos.
Discussion
Based on the similarities of their staining patterns in the retina, the molecular weights of the proteins eluted from affinity columns, and cross-reactivity using dot-blots, we believe that antibody 8D9 binds to a molecule in chick that is related to the mouse Ll antigen. Anti-L1 antibodies have been found to bind antigens in the mouse brain with molecular weights of about 200 and 140 kDa (Rathjen and Schachner, 1984) . Ll has been shown to be involved in neuronal cell adhesion (Lindner et al., 1983; Rathjen and Schachner, 1984) . The 8D9 antigen also has a similar distribution in the retina to a molecule referred to as Ng-CAM (Grtimet and Edelman, 1984) , in that they are both concentrated on axons of ganglion cells with some faint staining in the IPL (Thiery et al., 1985) . In addition, Ng-CAM and the 8D9 antigen have similar molecular weights . The Ng-CAM molecule was first described in a series of experiments studying neuron-glia (heterotypic) adhesion in the chick (Grumet et al., 1983) . It has subsequently also been found to be involved in neuron-neuron (homotypic) adhesion in the chick . Grumet and associates have proposed that Ng-CAM binds through a heterophilic binding process, with Ng-CAM not binding to itself but rather to a different molecule, although the ligand for Ng-CAM has not been isolated at this time. This is in contrast to N-CAM, which is thought to bind via a homophilic mechanism, i.e., one N-CAM molecule binding to another N-CAM molecule (Hoffman and Edelman, 1983 ). While we do not have direct evidence that the 8D9 antigen is related to Ng-CAM, it seems reasonable that this is the case.
Using monoclonal antibodies against the 8D9 antigen, we were able to follow the distribution of retinal axons in the developing tectum. Axons entered the rostroventral tectum on E6 and ran in the stratum opticum. On E7 and E8 the distribution of the axons expanded over much of the rostra1 tectum. Since in embryos without eyes this staining was abolished, it seems likely that these are retinal axons. This pattern of retinal axon ingrowth into the tectum is the same as that observed by labeling the retinal projection with anterograde tracers (Crossland et al., 1975; McLoon, 198 5) or with silver stains (Rager and von Oeynhausen, 1979 ). It appears that axons begin to penetrate tectal layers below the stratum opticum almost as soon as they enter the tectum. This is in agreement with the results obtained by anterogradely labeling the retinal projection with HRP (McLoon, 1985) .
It is not yet clear what the role of this Ll-like cell-surface molecule is in visual system development. It might promote axon fasciculation in the OFL of the retina, the optic nerve and tract, and in the stratum opticum of the tectum using a nervenerve adhesion mechanism similar to that proposed for Ll (Rathjen and Schachner, 1984) . It might also mediate a nerveglia adhesion process similar to that proposed for Ng-CAM in the developing optic pathway, serving to guide axons along the neuroepithelia of the optic stalk. A third possibility is that it may provide some more subtle cue in axon guidance that influences target selection in the tectum.
If this last possibility were the case, one would predict that the concentration of the antigen would vary in different parts of the retina. However, this seems unlikely since our immunohistochemical examination of the visual pathway revealed no obvious gradients of antigen concentration from dorsal to ventral retina or nasal to temporal retina.
The localization of the 8D9 antigen on the axons of ganglion cells appears to be consistent with a function of axon fasciculation. In this regard, it is worth noting that ongoing experiments by Susannah Chang and Jonathan Raper indicate that polyclonal Fab fragments against the 8D9 antigen inhibit neurite outgrowth on neurites. In the retina, optic nerve, and tract, all axons seem to be equally labeled by 8D9 antibodies whether they are adjacent to axons or near glial end-feet. It is not just growth cones and axons adjacent to glia that are labeled by 8D9 antibodies. As the axons enter the tectum, many of them leave the stratum opticum to penetrate the subjacent cellular layers. This suggests a number of possibilities.
For example, the tectal neurons may have a receptor for the 8D9 antigen that would allow them to compete with other axons for adhesion of ingrowing axons, thereby disrupting fasciculation.
In order to address this possibility, it will be necessary to identify the ligand(s) for Ll and study its localization.
Another interesting possibility is that the extreme protease sensitivity of the 8D9 antigen plays a functional role and that as the axons enter the tectum, the molecule is cleaved, disrupting axon fasciculation and allowing axons to penetrate the cellular layers. The use of monoclonal antibodies to identified fragments of the Ll molecule might help settle this question.
